This study aimed to investigate phosphate removal from aqueous effluents by an inorganic sludge from the inert part of construction and demolition wastes (CSW) as adsorbent. It is also discussed the application of the loaded P adsorbent as potential fertiliser. The CSW was also thermally treated at 800°C for 2 h (CSW-T), and its influence in the P removal was also investigated. The characterisation techniques highlighted low porosity on CSW and CSW-T adsorbents and that they are mainly formed by oxides which could enhance the P uptake and recovery. In pH experiments, P adsorption increased as initial pH increased, at pH higher than 7.8 the P removal sharply increased due to the formation of calcium phosphate precipitate. The mechanism of the P adsorption onto CSW indicated that the process was mainly controlled by chemical bonding or chemisorption. The results showed that CSW-T was more effective for P removal in comparison to CSW based on the Liu isotherm, the maximum sorption capacity attained was 24.04 (CSW) and 57.64 mg g −1 (CSW-T). Based on the Avrami's kinetic models, the time for attaining 95% of saturation was 212.6 (CSW), and 136.6 min (CSW-T). CSW and CSW-T showed the highest phosphate-removal performance among many adsorbents found in the literature; therefore, this kind of waste can be used widely as an inexpensive phosphate-recovery adsorbent. Besides, the P loaded adsorbents could be used as potential fertilisers which could be an interesting and efficient way of reuse for this waste.
Introduction
Nowadays, the rapid urbanisation, population growth and industrial development have to lead to severe environmental issues concerning wastes (e.g., solids and liquids) management in several countries [1] . One of the biggest challenges today is to promote the right management of a large number of solid wastes generated by human activities. Thus, new technologies need to be introduced to recycle and convert wastes into materials that can be reused or used as raw materials for new ecofriendly material fabrication [2, 3] . This is an essential condition for environmental protection and sustainable development [1] .
For instance, construction industry is a significant consumer of natural resources and the global aggregate production reaches to an enormous of 40 billion tons annually [1] and generates 2.65 billion tons of wastes [1] ; therefore finding ways to reuse and recycle construction and demolition wastes is gaining importance due to legislation, it is cheaper and available. Part of the solution for pollution problems associated with wastes generation can be solved by recycling them into the new materials for the desired application [2, 3] , such as adsorbents for removal of pollutants, or concentration of nutrients.
Inert part of the construction and demolition waste sludge (CSW) is a material which is neither chemically or biologically reactive and will not decompose. Examples of the main inert waste streams are concrete, bricks, masonry, tiles and ceramics, soil, debris. The use of CSW as a raw material for tackle water pollutants is a winning strategy to reach proper waste management and to reduce adverse environmental effects.
CSW has been primarily generated in many developed countries [4] . Its generation is due to either washing and/or crushing processes, in recycling plants, crushing and washing are essential to turn the inert part of construction and demolition wastes as recyclable aggregate materials (see Fig. 1 scheme for CSW generation). The wet-based process is more commonly employed to remove impurities of the aggregates and reduce air pollution [4] . However, a significant amount of wastewater and, consequently, CSW are generated (see Fig. 1 ). This sludge contains very fine particles and high moisture content (nearly 93 wt%) [4] . In order to optimise the solid/liquid separation, the sludge is flocculated, precipitated and dewatered in a press-filter. The water is recycled without any treatment, such as pH neutralisation [4] . Reuse of CSW as cheap adsorbent can be a successful strategy not only in terms of recycling but also by reducing costs with waste disposal and for diminishing the pollution problems associated to its land disposal [1, 4] . Therefore it is imperative to explore the potential recycling of this type of waste, which can bring several benefits to its economic and environmental point of views [1, 4] . Fewer type of solutions has been proposed for CSW reusing, being mostly of them into construction materials [1, 4] . However, there is also a high potential of using CSW for eco-friendly environmental applications as an adsorbent for uptake pollutants in aqueous media [2, 4] . There are few works reported in the literature that uses CSW as adsorbent [4] [5] [6] [7] .
The adsorption method is widespread and represents a cost-effective approach for solving many problems about the treatment of wastewaters [8] [9] [10] [11] [12] . An essential benefit of the adsorption process is because the used adsorbents can be regenerated and reutilised for many times, reducing the costs of the water treatment [8] [9] [10] [11] [12] .
There are large numbers of efficient adsorbents existent in literature, and among them, activated carbons (ACs) are the most studied and employed, mainly due to their significant adsorptive characteristics [13, 14] . Although activated carbon is an excellent adsorbent, new adsorbent materials need to be developed. CSW is a very cheap waste and can be used as a useful and efficient adsorbent [4] [5] [6] [7] .
Yoo et al., [4] studied the removal of three heavy metal salts (of Cu, Pb, and Zn) in aqueous solutions by applying CSW and obtained outstanding efficiency removal. The formation of chemical bonds between the metal ions with carbonates released from calcite presented in CSW led to high removal efficiency. In addition to that, the metal ions might also be removed through the coprecipitation of metal hydroxides (MeOH) onto the surface of CSW under high pH conditions. Jelić et al., 2018 [5] , used samples of waste concrete, and façade for the adsorption of Co 2+ , Ni 2+ , and Sr 2+ , however the values of sorption capacity obtained for all these 3 elements were very low as 5−102 μg g −1 Sr 2+ , 6.6 -26.2 μg g −1 Co 2+ , and 21−30 μg g −1 Ni 2+ . These values of sorption capacity are minimal for being used in a real application. Coleman et al., 2005 [6] , observed that using batch-contact adsorption study confirmed that crushed concrete, in the particle size range 1-2 mm, adsorbed Cu 2+ (35 mg g −1 ), Zn 2+ (33 mg g −1 ), and Pb 2+ (37 mg g −1 ) successfully from aqueous solutions.
Egemose et al. 2012 [7] , used crushed concrete material for adsorption of P. The removal of P was favoured at basic solutions (pH 12). The sorption capacity obtained ranged from 5.1-19.6 mg g −1 .
In this work, for the first time, CSW is employed in phosphate removal aiming agricultural uses. Phosphate is a vital nutrient that is essential for life. It is a crucial component added in fertilisers for food production and has no substitute; therefore, recovering phosphate from wastewaters is imperative [15] [16] [17] . Concentrations of phosphate in surface waters even in the tiny range of 0.01 to 0.1 mg L −1 P can lead to its eutrophication, which poses a substantial risk to the ecosystem resulting in environmental as well economic damage [15, 17] . The presence of phosphate in natural waters comes from diffuse sources such as agricultural run-offs and municipal wastewater treatment plants [15, 16] . Hence there is a need for technology that can effectively reduce the phosphorus to concentrations in the sub microgram levels.
Therefore, the overarching purpose of this study is to investigate the use of the inert part of the construction and demolition wastes sludge from a recycling plant for removal/recovery phosphate from aqueous solutions and discuss its potential use as fertiliser.
Materials and methods

Materials
All the reagents were analytical grade and used as received without any further purification. Potassium phosphate dibasic (K 2 HPO 4 ) was purchased from Sigma-Aldrich (DE). Deionised water and ethanol were procured from Beijing Chemical Reagents Company (China).
CSW adsorbents
The CSW sample used in this study was collected from a recycling demolition and construction waste plant in Frejus, south of France. The samples were collected just after the press filter with a moisture content of 32 wt.%. The moisture level in the CSW was determined by ovendrying the sample at 105°C until constant weight. The sample was milled and sealed to avoid the decline of both Ca 2+ concentration and pH that happens via natural carbonation (reaction between Ca 2+ and atmospheric CO 2 ).
Two CSW samples were evaluated as adsorbents: one is named as CSW (unmodified) and the second one as CSW-T (thermally treated CSW). The heating process took place in a laboratory electric furnace with a heating rate of 6 K min −1 , and dwelled for 2 h at the maximum temperatures at 800°C; afterwards, the furnace was shut down, and the sample was cooled down for 4 h inside the furnace until room temperature.
Microstructure and chemical characteristics of the adsorbents
The textural characterisation was carried out using N 2 adsorptiondesorption isotherms at liquid N 2 , using a Tristar II Kr 3020 Micromeritics equipment. Prior analyses, the samples were degassed at 120°C under vacuum. The specific surface area was determined by BET (Brunauer, Emmett and Teller) method.
The chemical composition of the CSW and CSW-T was analysed by X-ray fluorescence (XRF) and wavelength Dispersive (WD-XRF) by using an S2 PICOFOX TXRF (Bruker AXS Microanalysis). Before analysis, around 10 g of each one of the adsorbents were grounded at particle size below 80 microns to perform the XRF analysis.
The mineralogical composition of the adsorbents was analysed using powder X-ray diffraction instrument (Siemens). The adsorbents were grounded at particle size below 80 microns to perform the XRF analysis. XRD patterns were obtained with a Diffrac 5000 BRUKER diffractometer (USA) operating at 45 kV and 40 mA using Cu-Kα monochromatic radiation (λ =1.54 Å), 2θ angle interval of 2-72°with a counting time of 5 s/pass.
Scanning Electron Microscopy (SEM) was used to observe microstructures of both CSW and CSW-T by using an electron microscope JEOL (model SM 840). The samples were metalised with gold by using an ion sputtering device JEOL (model JFC 1100) to obtain the SEM images.
Adsorption studies
Amounts of 20.00 mL of 20.00-950.0 mg L −1 (at different initial pHs, from 2.0 to 11.0) of P (as K 2 HPO 4 ) were placed into 50.0 mL Falcon flat tubes with several amounts (0.03 -0.5 g) of CSW adsorbents. The flasks were capped and placed horizontally in a shaker, and the system was agitated between 5 min to 8 h [8] [9] [10] . Afterwards, to separate the solid and liquid phases, the tubes were centrifuged, and aliquots of 1-5 ml were collected and diluted adequately in 10.0 ml gauged flasks with proper blank solution [8] [9] [10] .
The residual P(phosphate) concentrations before and after adsorption tests were quantified by using ICP-OES technique with equipment Agilent 715. The amount of P adsorbed by the adsorbents and the percentage of removal were calculated using Eqs. (1) and, (2), respectively [8] [9] [10] :
q is the quantity of P ions removed by the CSW absorbents in mg g −1 , C o is the initial P concentration in the solution in mg L −1 , C f is the P concentration after the batch adsorption experiment in mg L −1 , m is the mass of CSW adsorbents in g and V is the volume of P solutions in contact with the CSW adsorbents in L [8-10]. 
Analytical control of the measurements
Results and discussion
3.1. Adsorbent characterisation
Isotherms of nitrogen and textural properties
The N 2 adsorption-desorption isotherms of both CSW and CSW-T are shown in Fig. 2 . The samples exhibit curves closer to type III of pore models, meaning that there is no identifiable monolayer formation, according to IUPAC [23] . This isotherm suggests that the interactions between adsorbent and adsorbate are now relatively weak, and the adsorbed molecules are clustered around the most favourable sites on the surface of macroporous solid [23] .
Since the diagonal length of a phosphate ion measures approximately 2.51 Å calculated by using the Marvin Space 19.20.0. Also considering that micropores are pores with a diameter higher than 50 nm (500 Å) [20] , it is expected that micropores can adsorb several phosphate ions [24] .
Concerning the S BET, both CSW and CSW-T presented small values of area (15.1 and 12.7 m 2 g −1 for CSW and CSW-T, respectively). The heating process promoted a little shrinkage in the CSW-T sample. The shrinkage can play an essential role in the quality of the adsorbent (in terms of phosphate adsorption). The heating process can provoke vital changes over the physical and chemical properties of the CWS-T; the changes in the body of the inorganic CSW might occur due to the overlap of a number of processes and phenomena associated with the decomposition of some of the biodegradable components such as small content of organic carbon (that usually is present in this kind of waste [1] ) and calcium carbonates. Therefore, this might influence phosphate adsorption.
A good porosity favours a rapid inter-diffusion of the phosphate ions through interconnected and poreschannels; however, the low porosity of both adsorbents CSW and CSW-T indicates that chemical adsorption through functional surface groups could play an essential role in the adsorption of phosphate [4, 25] .
Chemical composition of the CSW adsorbents
XRF determined the chemical composition of CSW and CSW-T. The results are shown in Table 1 . The CSW adsorbents are mainly formed by SiO 2 , Al 2 O 3 and CaO and ferric oxide with small amounts of MgO, K 2 O, Table 1 ). As can be seen in Table 1 , the thermally treated sample exhibits higher oxides contents. The heating process provokes the decomposition of some of the biodegradable components such as calcium carbonates and small amounts of organic carbon and thus increase the proportion of oxides that remain stables at 800°C. It is reported that the immobilisation method using Fe/Mn/Al oxides or calcium (Ca)-bearing amendments is an efficient technique for the uptake and inhibit the mobilities of the ions in water environments [26, 27] . These oxides could enhance the phosphate uptake and recovery it from aqueous solution.
XRD characterisation of the CSW adsorbents
After knowing the chemical composition of material using XRF, it is crucial to verify the identification of mineralogical composition. In this sense, XRD allows accurate information regarding the mineralogical composition of the CSW adsorbents. Fig. 3 shows the typical XRD patterns of the CSW adsorbents. According to the graphs, there are some differences in the XRD patterns of the CSW and CSW-T. Comparing the XRD patterns, it is possible to observe that the intensity in the crystallinity peaks was a little higher in thermally treated sample CSW-T. Also, some peaks disappeared after thermal treatment (see region around 10-20 theta and 40-50 theta) which was due to the loss of carbonates and C-H-S that are decomposed between 550−800°C. The loss of contents in CSW-T could reflect in different adsorption properties.
According to Fig. 3 , the mineralogy properties of CSW adsorbents indicate the presence of a crystalline phase composed by quartz (SiO 2 ), calcite (CaCO 3 ), muscovite [(KF) 2 (Al 2 O 3 )3(SiO 2 )6(H 2 O)] and calcium oxide (CaO, Ca(OH 2 )) mainly, among others [4] . The presence of these elements are in concordance with XRF results (see Table 2 ). The presence of muscovite (KAl 2 (Si 3 AlO 10 )(OH) 2 ) was also identified in both samples ( Fig. 3 ). Muscovite comes from cement/mortar [4, 26, 27] . The calcite is formed via the natural carbonation of lime (CaO) with atmospheric CO 2 [4, 26, 27] .
The chemical composition of CSW support its reuses as adsorbents due to the fact of the presence of many inorganic oxides can improve the adsorption performance of the solid waste [4, 26, 27] .
SEM of the CSW adsorbents
Scanning electron microscopy (SEM) is one of the main techniques for material characterisation due to its ability to provide morphological and structural details of the studied material. Fig. 4 shows the SEM microstructures of CSW and CSW-T adsorbents. The images reveal differences between both microstructures. CSW displayed disordered agglomeration of very fine particles and some layered structures (See Fig. 4 ). Fig. 4B shows the SEM for CSW-T, its microstructure shows more cohesive, regular and enlongeted shape, probably due to the crystallization and vitrification of some elements such as calcium, carbonate, and other compounds derived from cement, as mentioned in the XRD analysis. The differences between CSW and CSW-T morphologies might reflect on their adsorption properties.
Adsorption studies
Effect of adsorbent mass
The amount of mass adsorbent is a crucial factor for industrial-scale application aiming to obtain the best efficiency removal of the desired pollutant. Also, the effect of adsorbent mass is substantial because it avoids minimising costs involved with the adsorption [25, 28] . The effect of mass adsorbent addition on the phosphate removal over CSW and CSW-T adsorbent was carried out using quantities of ranging from 0.030 to 0.500 g with a fixed volume of 20.0 mL of P solution at the initial concentration of 130.0 mg L −1 . The best adsorption result for phosphate was attained using 0.150 g of both adsorbents obtaining 81.06 % (CWS), and 99.95 % (CSW-T) of P removal, that corresponds to sorption capacity of 14.1(CSW), and 15.7 mg g −1 (CSW-T) (see Fig. 5 ).
The rapid enhance in the removal of phosphate as the dosage of adsorbent increases suggests the accessibility of a higher number of available adsorption sites for a higher adsorbent dosage that enables adsorbing more considerable amount of phosphate ions (see Fig. 5 ). This means that a large number of free adsorption sites were available to adsorb P species during the first stage of the adsorption process and then, with the progressing of the time, the free remaining adsorption sites were less and then difficulting to be occupied by the phosphate ions due to repulsive forces between the adsorbent and adsorbate [25, 28] .
About the adsorption capacity, the increase of the adsorbent dosage led to an increase of the exposed area and therefore the adsorption increases; however, due to the fact the initial concentration of phosphate ions do not change and that the quantity adsorbed does not increase proportionally (linearly) with the increase of the CSW-T dosage, the adsorption capacity (mg of Phosphate / g of CSW-T) decreases. When both CSW-T and phosphate ions from solution come in contact, the adsorption process rapidly takes place in high rates. Afterwards, as the phosphate ions concentration decline, the remaining phosphate ions in the solution diffuse more slowly and thus, the adsorption is reduced.
Based on these results, for the next adsorption experiments, including pH and temperature effects, kinetic and isotherms experiments, a mass of 0.15 g was selected.
Effect of the pH on phosphate removal
The pH is a fundamental parameter in the process of adsorption in solution because it determines the load of the adsorbent surface and governs the electrostatic interactions between the adsorbent and the adsorbate.
Several phosphorus species (in terms of phosphates, H 3 PO 4 , H 2 PO 4 − , HPO 4 2and PO 4 3-) can be present in the solution, and their proportions depend on pH solution [29] . Based on the pH results on phosphate removal, the trend shows an increase in P removal with increasing pH to the lowest capacity at pH 2.0 and the highest at pH 9.4 (see Table 2 ). This could be explained by the fact that the phosphorus adsorption is linked to the Ca 2+ ions dissolution from the adsorbent, which reacts with the P species present in the solution [29] . The presence of phosphorus species, depending on the pH values of the solution [30] . When pH value is about 9.4, HPO 4 2− is the dominant specie in the solution [30] . According to Yan et al. [31] , the precipitation of calcium phosphate is the predominant mechanism in phosphorus immobilisation at higher pH value. This immobilisation takes place by the dissolution of Ca 2+ from the CSW adsorbent, and Ca 2+ reacts with HPO 4 2− , for instance, to form calcium phosphate [30, 31] .
It related to the literature that the concentration of dissolved Ca 2+ decreases when the initial pH value increases, which causes the inhibition of calcium phosphate precipitation and thus diminishes P adsorption [30, 31] . This trend was observed in this work, as shown in Table 2 .
The decrease of pH solution could also help the CSW release more Ca 2+ ions into the solution. However, the species of phosphate will form H 3 PO 4 inhibiting its precipitation with calcium [29] [30] [31] . However, at pH 11.2 values the concentration of Ca 2+ released is drastically decreased, and the uptake of P species by the adsorbent is also diminished. (see Table 2 ). As a balance of letting P as an anion, and also having a good level of Ca 2+ , further experiments were carried out at pH 8.0. 
Effect of the temperature on P removal
In adsorption processes, the effect of temperature on the system can affect the adsorption rate by increasing the kinetic energy and the mobility of adsorbable species and also can cause an increase in the intraparticle-diffusion rate of the adsorbates. Fig. 6 shows the influence of temperature on phosphate adsorption onto CSW and CSW-T adsorbents. The adsorption capacity of phosphate for CSW-T increased from 33.1 to 40.4 mg g −1 with an increase in temperature from 22°C to 50°C (an increase in sorption capacity in the order of 22.1 % from 22°to 50°C). The same behaviour was also observed for CSW, which the "q" increased from 21.3 to 33.5 mg.g −1 while the temperature increased from 22°C to 50°C (an increase of 57.3% in sorption capacity). The effect of the temperature on sorption capacity was more remarkable for CSW (57.3%) than CSW-T adsorbent (22.1%). The effect of the temperature for phosphate adsorption was also observed in the literature [31] [32] [33] .
Even the temperature is an important variable which improved the adsorption of phosphorus in 22.1% at 50°C, this temperature increase results in a very high operational cost of the process which it is not always justified, therefore, 22°C was chosen to be the temperature for the next experiments.
Kinetic study of the adsorption
Knowing the kinetics of adsorption of a system is a decisive factor for designing a high-efficiency adsorption process. Kinetic analysis provides insights about the interaction between the adsorbent and adsorbate. Also, the kinetic study is essential because of furnish information about the adsorption equilibrium and mechanism. The kinetic adsorption evaluation of phosphate P onto CSW and CSW-T was performed to establish its optimal time for adsorption. Making numerical interpolation in the best kinetic fitted curve, the results show that the adsorption process is really speedy in the beginning, for CSW adsorbent 70% of the P was adsorbed in 8.79 min and for CSW-T 70% of P was adsorbed in 3.34 min (see Fig. 7 ), and then the phosphate was slowly adsorbed onto the reaching 95% of removal at around 212.6, and 136.6 min for CSW, and CSW-T, respectively. Remarkably, the kinetics of adsorption of phosphate P onto CSW-T is much faster when compared with CSW. The thermal treatment improved the adsorption properties, probably, the small content of volatile and organic matters are degraded by the heating process, and this could enhance the adsorption properties of the CSW-T. Also, the amount of oxides are higher in CSW-S (see Table 1 ), and this could improve its adsorption properties [4, [34] [35] [36] [37] [38] [39] . These behaviours for the phosphate P adsorption have been observed in prior researches on phosphate removal by using different adsorbents based on iron oxides [4, [34] [35] [36] [37] [38] [39] .
These results indicate that for both adsorbents, there are a significant number of adsorption sites available to be filled which results in the speedy adsorption process, due to the high driving force in the mass transfer [28, 39, 40] . The adsorption rate of P onto CSW and CSW-T are fast, probably resulting from the significant presence of many functional groups and oxides that are effectively involved in the phosphate capture [28, [38] [39] [40] .
About the kinetic models, three models, pseudo-first-order, pseudosecond-order and Avrami models were used to fit the experimental data [22] . The fitting parameters are exhibited in Table 3 . It illustrates that the kinetic data is more suitable to characterise with the Avrami-fractional-order model. It has to be mentioned here, that these models are used as lumped kinetic approaches here, in regards that the whole adsorption process is more complicated than a single-step mechanism [41] . It is mentioned before, that there is likely a relative strong ionic bonding of phosphate on the surface, which makes the assumption of irreversible adsorption suitable, which is necessary for the original pseudo-first or pseudo-second-order approach. On the other hand and at higher loading, it is mentioned above that the ions may interact with each other, which contradict the original set of approximations for these models. Notwithstanding, as a lumped approach, it might be useful at all.
The suitability of the kinetic models was evaluated according to the adjusted determination coefficient (R 2 adj ), and standard deviation of residues (SD), meaning that lower SD and higher R 2 adj values imply a smaller difference between theoretical and experimental q values (which is given by the models).
In this matter, according to the kinetic data displayed in Table 3 , the Avrami kinetic model was the most suitable model which best represent the experimental kinetic data, since it presented lower SD (0.2838 and 0.2627) and higher R 2 adj values (0.9953 and 0.9974), for both CSW and CSW-T, respectively (see Table 3 ). This indicates that the q t predicted by the Avrami kinetic model presented the closest calculated values (from the model) to the experimental q t .
Avrami's model assumes that the system subjected to the mechanism change and the better fitting with Avrami model suggests that the phosphate removal on both adsorbents, CSW and CSW-T, have different adsorption mechanisms, which might be associated with the chemical adsorption as well with the formation of precipitates with phosphate.
Equilibrium models
In this work, the adsorption behaviours between the phosphate species and the CSW adsorbents are described by using the equilibrium isotherm models. Among several isotherm models described in the literature, were chosen Langmuir, Freundlich and Liu isotherms to evaluate the fitness of the equilibrium data of phosphate onto CSW adsorbents.
The adsorption equilibrium isotherms of phosphate P onto both CSW and CSW-T at 22°C are displayed in Fig. 8 . Also, Table 4 displays equilibrium parameters for the selected isotherm models.
As can be seen in Table 4 , in addition to presenting the parameters of isotherm models, the goodness of fit of experimental equilibrium data with Langmuir, Freundlich and Liu isotherms was evaluated using the R 2 Adj , and SD similar to the kinetic studies discussed above. In the light of R 2 Adj and SD values, the isothermal adsorption process is more suitable to be described with Liu model, because it is the highest R 2
Adj and the lowest SD values, in comparison with Langmuir and Freundlich models. This finding means that Langmuir and Freundlich's isotherms show lower goodness of fit, since they have lower R 2 Adj and higher values of SD for both adsorbents (CSW and CSW-T), meaning that these models do not offer a reasonable description of the process. Likewise, the q values provided by the Liu model were closer to those obtained experimentally. This is not surprising. The Langmuir model based on the assumption that only a mono-layer will be formed, hereby the bonding of phosphates on the mineral sides of the CSW materials. Here, hints were mentioned that besides precipitation occurs, which can not described by the Langmuir model. The Freundlich model includes the formation of multilayers before the first layer is complete. It does not take into account the strong bonding of the first layer in the system here. Therefore the Freundlich model under predicts the adsorption at low C e and overpredicts it at high C e (see Fig. 8 ).
Liu model assumes that the adsorption of phosphate onto CSW and CSW-T adsorbents is heterogeneous by the existence of different active sites acting simultaneously and with different free adsorption energies. However, a saturation of the adsorbent takes place, attaining a maximum sorption capacity (Q max ).
The maximum adsorption capacities of phosphate P onto CSW and CSW-T were 24.04 and 57.64 mg g −1 , respectively, at 22°C, according to Liu isotherm. The surface features and chemical composition of the adsorbents can explain the differences in the Q max values. The literature highlights that the presence of carbonate can inhibit the activity of Ca 2+ , thus weakening the phosphate removal performance [42] . Zhang et al. [43] , studied the effect of carbonates on the phosphate adsorption on Ca(OH) 2 and concluded that the phosphate removal was strongly inhibited by the presence of carbonates. The presence of carbonates is expected in CSW since this waste is mainly composed of concrete, cement and recycled aggregates materials. Also, the XRD analysis highlighted the presence of carbonates in CSW. However, in CSW-T, its presence is expected to diminish since It is well known that the carbonates are decomposed around 600−800°C [44] , and CSW-T was heated at 800°C. More details about the differences in the Q max will be more discussed in the adsorption mechanism (coming section). 
Adsorbent efficiency
The adsorbent efficiency evaluation is usually made by comparing the Q max values predicted by the best-fitted isotherm model with those reported for other materials, for the same adsorbate. In this sense, Table 5 shows the Q max values of some adsorbents towards the phosphate adsorption. The CSW and CSW-T adsorbents presented Q max values of 24.04 and 57.64 mg g −1 , which correspond to the highest adsorption capacities among the cited adsorbents in Table 5 . Therefore it is possible to infer that, based on Table 5 , CSW and CSW-T adsorbents could be very efficient and cost-effective for phosphate adsorption and recovery from aqueous effluents since it is abundant and cheap to be enabled for adsorption experiments.
Possible mechanisms of phosphate removal
The adsorption of P species ions on the positively-charged surface of CSW and CSW-T and the precipitation of phosphate compounds can both respond for the P removal and recovery. The significance of each mechanism would probably be determined by pH of the adsorbate-adsorbent system, by the forms of oxides on the CSW surfaces and by the ionic species in the solution which is influenced by pH [35] [36] [37] [38] [39] .
At pH 2.0, the phosphorous is predominantly (58.4%) H 3 PO 4 and H 2 PO 4 −, which is present at 41.6% (see Fig. 9 ). The neutral specie (H 3 PO 4 ) could not be precipitated by Ca 2+ forming Ca 2 (PO 4 ) 3(s) at the surface of the adsorbent as it usually occurs with the anionic species of phosphate ions (H 2 PO 4 -; HPO 4 2-; and PO 4 3-) (see Table 2 ). At pH values higher than pK 1 (pH > 2.148) predominate the specie H 2 PO 4 -(see Fig. 9 ). At the pH 4.673, the specie H 2 PO 4 -presents its higher fraction (99.41%), and the sorption capacity of CSW is higher about pH 2.0. According to Table 2 , the higher percentage of removal occurs when pH > 9.4, where it is the predominance of the specie HPO 4 2-(see Fig. 9 ). The chemical reactions that occur are: Considering that K a3 of phosphoric acid is 4.22.10 −13 and that K sp of calcium phosphate is 2.07.10 -33 , the equilibrium constant for the precipitation of HPO 4 2with Ca 2+ will be 2.04.10 20 . This high value of the equilibrium constant will generate a high negative value of Gibb´s free energy, indicating that this chemical equilibrium lays forcefully on the side of the salt (ΔG°-115.9 kJ mol -1 ).
Besides the possibility of forming calcium phosphate at the surface of CSW and CSW-T, phosphate species are also preferentially adsorbed by hydroxyl groups on the surface of oxides, which are mostly protonated below pH 7-9 [31] . Hydroxylation takes place when, for instance, Fe ions on mineral surfaces are exposed to water and complete its coordination with hydroxyl groups [34] .
Adsorption of phosphate in CSWs can occur by functional groups (presents in Fe, Al, Ca, oxides, for instance) which results in the formation of surface complexes [39] . These surface complexes are called "inner-sphere complexes" to indicate that they are strongly bonded to structure mineral surfaces via covalent binding [39] highly. The Fig. 10 shows the SEM and EDS mapping of the main elements found in CSW-T loaded P. It shows that the main elements are Fe, Al, and Ca and the presence of P was also detected, highlighting that CSW-T adsorbed the P (as phosphate).
Deng and Wheatley [33] corroborated the same findings that the mechanism of phosphate onto inorganic wastes is mostly linked with the presence of the oxides of Ca, Al and Fe which can effectively bind with phosphate in aqueous solution.
Phosphate adsorbed on concrete sludge waste (CSW-P) as potential P-fertilizer
Crop production is estimated to enhance of around 1.8% until the year 2050 what, inevitably, will lead in high demand for P-based fertilisers [40] . It is well-known that the world reserves of phosphate are dwindling [45] ; therefore, it is imperative to search for new alternative sources of P aiming agricultural purposes. Mostly of P comes from phosphate rocks, and more than 80% of available phosphate rock contains deficient levels of P [40] . Therefore, land disposal may be a good option for the final destination of several solid residues, including alkaline CSWs. Although concrete wastes are considered dangerous residues, there are many similar residues disposed of in the soil for agricultural purposes [46] . Almeida et al. [46] evaluated the application of alkaline pulp industry waste as an alternative to correct the acidity of soils and concluded that it is a waste that can safely be used to improve the soil quality.
Another residue that has been used as a soil conditioner is steel slag [47, 48] , this waste has a similar composition to CSW and yet so has proven to be a new soil conditioner [47, 48] .
One of the main restrictions for the use of slags in the soil for crop production is the presence of heavy metals in its composition. However, compared to CSW, slags show to contain higher heavy metal contents, which is a useful data to be taken into consideration when CSW it is considered to be applied in the soil as fertiliser.
To the best of our knowledge, no work has been published dealing with CSW soil application. CSW-P application might favour the pH enhance and the availability of nutrients such as compounds of Ca, Mg, Si and adsorbed phosphate in the soil, resulting in an increase in the absorption of these elements by the plant, favouring the growth and yield of the crops [47, 48] .
The application of CSW-P can happen something similar to what happens when slags are applied in the soil; it can neutralise part of the soil acidity, which occurs because these materials have neutralising base such Ca(OH) that reacts in water and releases hydroxyl groups (OH-).
Therefore, CSW adsorbed phosphate (CSW-P) contains some nutrients for the plants and does not contain too many heavy metals in it; it can be considered as a sustainable alternative CSW adsorbent to reclaim phosphate to develop new sustainable and eco-friendly strategies for better agricultural practices.
Conclusion
Cementitious wastes come as promising materials for the designing of inexpensive phosphate adsorbents because they contain many oxides and alkali calcium compounds that are effective in phosphate capture and recovery. The SEM images indicated slight differences between adsorbent microstructures. XRD results indicated that CSW-T presented different microstructures when compared with CSW, which reflected in their adsorption properties.
In the adsorption process, adsorbents dosage was found to have the most positive influence on the P removal. The influence of initial pH of the solution indicated that the maximum removal of P was obtained at pH 9.4. The adsorption capacity of phosphate increased with the increasing of temperature. These factors favoured the Ca + release into the solution and favouring the precipitation of calcium phosphate. CSW-T showed better adsorption properties compared to CSW. The kinetic data fitted well with Avrami's model suggesting that the phosphate removal on both adsorbents, CSW and CSW-T, have different adsorption mechanisms, which might be associated with the chemical adsorption as well with the formation of precipitates with phosphate.
The maximum adsorption capacities of phosphate P onto CSW and CSW-T were 24.04 and 57.64 mg g −1 , respectively, at 22°C, according to Liu isotherm highlighting heterogeneity in the adsorption of phosphate onto both adsorbents. The mechanism of the phosphate adsorption onto CSW indicated that the process was mainly controlled by chemical bonding or chemisorption. The adsorption capacity of phosphate for both CSW and CSW-T are higher than many adsorbents reported in the literature.
The inert part of construction and demolition wastes can be used as an effective and low-cost phosphorus-recovery adsorbent. Also, even thermally treated sample CSW-T having better efficiency in P removal, CSW is still the most cost-effective adsorbent because the heating process is expensive by demanding a high demand for energy.
This study also brought in light the alternative way of using CSW could be an advantage for real broad application for the agricultural field. Further studies on desorption and plant absorption are interesting to apply as phosphate loaded adsorbent fertiliser. However, aspects related to monitoring the presence of heavy metals must be better addressed and monitored as well as the pH change of the soils.
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